To alleviate practical limitations in the design of mm-wave on-chip imagereject filters, systematic design methodologies are presented. Three low-order filters with high-selectivity and low-loss characteristics are designed and compared.
Introduction
Overcrowded spectra of low-GHz wireless systems such as Wi-Fi and WiMAX and increased demand for high data-rate wireless transmission have recently been fuelling the development of 71-76 GHz and 81-86 GHz E-band systems, [1] - [4] . Eband systems offer a fresh opportunity to establish fiber-like high-speed wireless links with full duplex throughput of 1 Gbps or above. Unlike the 60-GHz band, E-band is not penalized by the transmission loss due to oxygen absorption and is therefore suited for long-distance backhaul point-to-point communications [5] . In addition, the availability of generous bandwidth within E-band enables deployment of low-complexity modulation schemes such as OOK and BPSK. Furthermore, since the wavelengths of millimeter-wave (mmW) signals are extremely small (1-10 mm) the large numbers of antennas essentially required to provide high gain and to enable beamforming can be conveniently made in a physically small form factor.
In the E-band heterodyne receiver, Fig. 1 , employing a frequency quadrupler (N = 4) and a divide-by-two frequency divider (M = 2), the calculated LO and IF frequencies are respectively 8/9×fRF and 1/9×fRF. As a result, the receiver image frequency will be located at 7/9×fRF corresponding to 63-66.9 GHz for fRF = 81-86 GHz i.e. upper E-band. Such heterodyne architectures typically require high image noise rejection of at least 30 dB so that overall system noise figure can be kept low. A simple notch filter typically incorporated within the LNA-Mixer circuits, [6] , can only provide a modest image rejection of around 10-15 dB.
Waveguide-type filters typically have low insertion loss and high selectivity but they are bulky. On the other hand, on-chip planar filters [7] - [20] offer more compact solution but they are lossy particularly when realised in low resistivity substrate technology. For example, in [21] , a third-order bandpass filter designed at 9.45 GHz and realised in 130 nm CMOS technology exhibited a rather high insertion loss of 15.6 dB. Another major challenge in the design of on-chip filters is that the rejection levels provided by low-order (and thus less lossy) filters at the image frequency are inherently poor. High-order filters can provide high selectivity but require large component counts, leading to large chip area and high loss. This paper addresses the aforementioned design trade-offs in order to arrive at optimum filter synthesis through deployment of systematic design methodologies for the realization of compact on-chip image-reject filters (IRF) that provide low insertion loss within the 81-86 GHz operating band frequency range, and, at the same time facilitate high rejection levels within the 63-66.9 GHz image band frequency range. 
Filter Synthesis

Third-Order High Pass Filter with RC Parallel Loading
As a starting point a third-order high-pass filter (HPF) is chosen due to its simplicity. As illustrated in Fig. 2(a) , the filter is comprised of a series capacitance CX/2 shunted on both sides by inductance LX. Source and load impedances are represented by a parallel RC network where R is typically 50 Ω and C represents the parasitic capacitance of input/output pads (Cpad) whose effects are detrimental at mmW frequencies and therefore have to be accounted for in the design. Due to the circuit's symmetry, only a half circuit is analysed. The expression for the intermediate resistance RI, (1), can be derived from Fig. 2(b) . By re-arranging (1) and subsequently setting the real and imaginary parts of the left-hand side equal to the right-hand side, the expressions for LX (2) and CX (3) can be obtained wherein G = 1/R and GI = 1/RI. Notice that LX is a function of R, C, and RI whereas CX is merely a function of R and RI but not
C.
For a pre-determined value C = 25 fF, the values of the shunt inductance LX and the series capacitance CX/2 are plotted against RI in Fig. 2(c) . As RI increases, the value of LX increases. Capacitance CX/2 reaches a minima at RI = 25 Ω. 
High-Selectivity Filter with λ/4 Transmission Line
Low-order filter such as that in Fig. 2 image frequency and f2 = 83.5 GHz i.e. midpoint of operating band 81-86 GHz. The electrical length of the stub is designed to be 90° (θ1) at f1 thus shorting the image noise.
At f2, θ2 will be larger than 90° (4), and as a result, the stub will behave like an inductance. This inductance must be set equal to LX (2) in order to retain low insertion loss across the operating band as illustrated in Fig. 3 (a). The characteristic impedance of the stub, Z0, can be calculated using (5). 
High-Selectivity Filter with Series LC Resonator
The implementation of the quarter-wave transmission line (TL) employed in Fig.   4 (a) consumes a considerable amount of chip area, even at millimetre-wave frequencies. In order to miniaturize the filter in Fig. 4 (a) while retaining its low loss and high selectivity characteristics, the λ/4 stub is replaced with a series LC resonator,
Fig. 4(b). Transmission zero at the image frequency is created by resonating LY with
CY at f1 (6) . At f2, this series LC network will present a net inductive reactance whose
where:
Design and Simulation
The image-reject filters were designed using Infineon B7HF200 SiGe technology [22] . In this process, four copper metal layers (M1-M4) can be utilized to realize passive components such as spiral inductors, transformers, and microstrip lines. The cross section of the metal layer stack is shown in Fig. 5 (a). The topmost metal, M4, is 2.8-µm thick. Dielectric compounds sandwiched between two metal layers are composed of silicon dioxide (SiO2) and silicon nitrate (Si3N4). The smallest available pad measures 68 μm × 68 μm and it has an equivalent parasitic capacitance (Cpad) 25 fF.
Metal-insulator-metal (MIM) capacitors are also provided within this process. The physical length of the open-circuit λ/4 stub is initially estimated using:
where c is the speed of light and εr_eff is the effective relative permittivity of the substrate. Afterwards, it needs to be optimized using electromagnetic (EM) simulator so as the impedance achieved at f1 is as low as possible. The width of the λ/4 stub is initially calculated using (5) transforms an open circuit into a low impedance of 2.7 Ω. Due to low resistivity of the silicon substrate, the quality factor of the stub is rather poor, i.e., less than 7, leading to a high loss. As the frequency increases, the quality factor of the stub tends to increase until it reaches its peak. This trend is in stark contrast with that in Fig. 6(b) where the quality factor of the MIM capacitor degrades rapidly as the frequency increases.
The layout of the λ/4 TL filter is depicted in Fig. 5 are the capacitance values of CY at f1 and f2). In order to take this practical limitation into account, (6) and (7) must be modified as (10) and (11) . Parameters kL and kC in (12)- (13) 
where: Since the values of LY1 and kL in (11)- (12) are inter-dependent, the design procedure for the LC resonator employed in Fig. 4 (b) requires iterative computation and therefore is not as straightforward as that used for the λ/4 stub. To address this issue the following design method is proposed:
Step 1:
Choose the values of R, Cpad, and RI according to the system requirements.
Step 2: Consider the circuit in Fig. 8 ; this illustrates the equivalent circuit of the filter in Fig. 4(b) at f2. Capacitance C in Fig. 2(a) is now represented by Cpad and CΔ. LX is comprised of LLC and LΔ. Set an initial value for CΔ. For example: CΔ is set equal to Cpad. As a result, C = Cpad + CΔ = 2Cpad.
Step 3: For given R, C (obtained from
Step 2) and RI values, calculate LX and CX using (2) and (3) where ω refers to ω2 i.e. the midpoint of the operating band.
Step 4:
Compute α using (8).
Step 5: By assuming kL = kC = 1, calculate LY1 and CY1 using (11) and (10) respectively. This is done to ensure that the LY-CY tank circuit will provide a short circuit at f1.
Step 6: Design and simulate a spiral inductor (LY) and a MIM capacitor (CY) such
that their values at f1 are equal to the values calculated in Step 5.
Subsequently determine the inductance and capacitance values at f2 i.e. LY2
and CY2.
Step 7:
Using (14), calculate LLC i.e. the equivalent net inductance of the LY2-CY2 resonator tank at f2.
Step 8:
Given the values of LX computed in Step 3 and LLC computed in Step 7 the value of the excess inductance LΔ can be determined as follows (15) Step 9: CΔ is employed to compensate for LΔ, implying that LΔ must resonate with CΔ at f2 so as to present an open circuit. Hence:
Step 10: Compare the value of CΔ calculated in Step 9 with its initial value set in
Step Using (14), LLC in Fig. 8 can be obtained, i.e., LLC = 47 pH. Subsequently LΔ in Fig. 8 can be computed using (15) , LΔ = 137 pH. The value of CΔ required to resonate with LΔ is calculated using (16) , CΔ = 25 fF. Since this capacitance is equal to its initial value no further iteration is required. Illustrated in Fig. 5(b) is the layout of the LC resonator filter. It measures 268 µm × 238 µm, consuming only half the chip die area of the λ/4 TL filter.
In the example above, frequency dispersion of LY and CY is relatively modest, i.e., kL = 1.05 and kC = 1.12. However, from Fig. 2(d) , it can be observed that the value of LX needs to be reduced by as large as 30% if the value of C is doubled from 25 fF (Cpad) to 50 fF (2Cpad). Therefore the frequency dispersion of passive lumped components must be carefully taken into account in the design.
Simulation Results
The third-order filter in Fig. 2 (a) exhibits poor rejection level of around 5 dB at the image frequency. By employing λ/4 stubs, Fig. 4(a) , the selectivity of the filter can be significantly improved. Simulated transmission loss (|S12| or |S21|) and return loss (|S11| r |S22|) of the λ/4-TL filter are shown in Fig. 11 . Rejection levels higher than 30 dB are achieved from 54.4 GHz to 66.9 GHz with a -42 dB notch occurring at 62.5
GHz. Transmission losses within the operating band range between 2.1 and 3.25 dB.
Return loss is better than 10 dB from 77.6 GHz to 99.8 GHz.
(a) (b) Fig. 11 . (a) Insertion loss and (b) return loss of the λ/4 TL filter, simulated using ideal components (curve b) and using actual component models obtained from EM simulations (curve c). For comparison, the insertion loss and return loss of the filter in Fig. 2 (a) simulated using ideal components (curve a) is also given.
Simulated transmission loss and return loss of the series LC resonator filter in 
12(a)-(b)
. When compared with the filter in Fig. 2(a) , the series-LC resonator employed in Fig. 4(b) is shown to be effective in improving rejection level at the image frequency.
The circuit exhibits rejection levels higher than 30 dB from 53.7 GHz to 66 GHz with a -54 dB notch occurring at 61.3 GHz. Transmission losses across the operating band vary between 1.5 and 2.1 dB, which are better than those obtained using λ/4 stub (i.e.
-3.25 dB)
. This is because parasitic series resistance of the spiral inductor is lower than that of the λ/4 stub (Tables II and III) . Return loss is better than 10 dB from 76
GHz to 99.1 GHz.
Characterization
Three chip prototypes, Fig. 13 , have been fabricated based on the λ/4 TL filter circuitry in Fig. 4 (a) and the series LC resonator filter circuitry in Fig. 4 (b) with LY realised either using a spiral inductor or a TL. Small-signal measurements were undertaken using an Agilent 110 GHz general-purpose network analyser (PNA) and
Cascade GSG probes with 100 μm pitch.
Measured and simulated S-parameter results of the filters with λ/4 TL and series LC resonator are compared in Fig. 14 from which we can see that they are in reasonable agreement. From Fig. 14(a) , it can be observed that the λ/4 TL filter exhibits higher than 30 dB rejection from 49.5 GHz to 66.5 GHz with a -46 dB notch at 58.3 GHz and transmission loss ranging from 3.6 dB to 5.2 dB across the operating band. Measured return loss was better than 10 dB within a frequency range 80-102 GHz. The filter that employs a series LC spiral network results in rejection greater than 30 dB from 54 GHz to 67 GHz with a -46 dB notch occurring at 60.5 GHz, Fig. 14(b) . Measured transmission loss varied between 3.1 dB and 4.7 dB across the operating band and return loss higher than 10 dB was obtained over a wide frequency range 80-110 GHz.
From Fig. 14(c) , it can be observed that the LC-TL filter exhibits 3.6-5.0 dB insertion loss across the operating band. Higher insertion losses observed in the measurements could be due to the presence of stronger parasitic capacitive coupling to the lowresistivity substrate than simulated. The measured S-parameters and group delay of all three filter prototypes are plotted and compared in Fig. 15 . The performances of the filters reported in this paper are summarized and compared with other published mmwave filters in Table V . 
Conclusion
A simple yet effective third-order high-pass filter topology is proposed to address the detrimental effects of parasitic pad capacitances on the filter performance at mmwave frequencies. By incorporating this parasitic capacitance into the filter circuit, the chips characterisation procedures can be simplified, i.e., no de-embedding process 
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